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Abstract 
Energy efficiency and load balance are two important factors to prolong network lifetime in wireless sensor networks 
(WSNs). In this paper, we propose a joint energy-balanced organizing scheme, which combines energy-balanced 
LEACH (EB-LEACH) protocol and cooperative MIMO. We name it as EB-LEACH-MIMO scheme. EB-LEACH is 
designed to be an improved LEACH algorithm, in which the monitored region is plotted into hexagons for avoiding 
the non-uniformity distribution of cluster heads. In EB-LEACH-MIMO scheme, the location and the residual energy 
of each node are considered when we choose the cluster heads for clustering and cooperative nodes for MIMO 
system. The simulation results show that the hexagonal network partition contributes to the energy balance among 
clusters while the cooperative MIMO benefits for the energy balance among nodes in a cluster. Consequently, EB-
LEACH-MIMO scheme can well-balance the network load, save network energy and prolong the network lifetime. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
Energy efficiency and network scalability must be considered in the organization of WSNs. Clustering 
is proved to be an energy-efficient method for topology generation. It has many advantages such as 
energy saving and network topology scalability [1]. LEACH is a typical clustering protocol for WSNs [2]. 
However, LEACH needs further improvement against the non-uniformity distribution of cluster head and 
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the neglect of residual energy of node in the operation of selection of cluster head [3]. 
Multiple-input-multiple-output (MIMO) systems support higher data rates without increasing 
transmission power than single-input-single-output (SISO) systems. Cui et al. state that individual single 
antenna nodes can collaborate for information transmission and reception in WSNs. They construct as a 
cooperative MIMO system, which can decrease the transmission energy of the network [4]. The authors in 
[5] and [6] study the combination of LEACH and cooperative MIMO scheme. In [5], synchronization 
requirements among cooperative sensors are discussed, and energy efficiency is analyzed as a tradeoff 
between the reduced transmission energy consumption and the increased electronic and overhead energy 
consumption. The key idea in [6] is that the cluster head exchange operation runs if cluster head can’t find 
enough cooperative nodes. In this paper, we investigate the non-uniformity distribution of cluster heads 
and unbalance of energy consumption of node in LEACH, and propose an energy-balanced organizing 
scheme, named EB-LEACH-MIMO scheme. In this scheme, the network is plotted into hexagons for 
clustering for energy efficiency and coverage efficiency.  
The rest of the paper is organized as follows. The joint scheme with hexagon-clustered algorithm and 
cooperative MIMO is proposed in section II. The energy consumption model of the network is discussed 
in section III. Then the simulation and its result analysis are followed in section IV. Finally, concluding 
remarks are given in section V.  
2. The Energy-balanced Organizing Scheme 
The network model is shown in Fig. 1. N  nodes are randomly distributed throughout an M M×
region of space and the network is divided into k  hexagonal clusters. Each cluster consists of one cluster 
head and member nodes. A few member nodes are also chosen as cooperative nodes for cooperative 
MIMO transmission. The base station (BS) is far away from the monitoring area. 
2.1. Hexagonal network partition 
The BS, firstly broadcasts a signal packet to trigger all nodes in the network and receives from every 
node a data packet, which mainly includes the ID, location and residual energy of the node. Then the BS 
calculates the optimal number of clusters optK  with the method mentioned in [3] and partitions the 
network region into optK  hexagons. The hexagonal partition in the scheme is done only one time during 
the lifetime of the network. The strategy for hexagonal partition is described as follows: 
(1) Calculate the side of hexagon R . For M M×  region and the number of  hexagon optK , the area of 
each hexagon S  is that 
2
opt
MS K=  and the side of hexagon R  can be obtained as 2 3 9 optR M K= .
(2) Specify the center of each hexagon. The center of the i th hexagon is denoted as ( ( )x i , ( )y i ), 
which can be obtained by the operations described in Fig. 2.  
(3) By calculating and comparing, the BS informs the node to join the nearest hexagonal cluster.  
2.2. Clustering 
In our scheme, all cluster heads in the first round are generated by the BS. In subsequent rounds, the 
new cluster head in a cluster is chosen by the cluster head of the previous round. This can avoid long-haul 
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transmission between the BS and nodes. The cluster head candidate nodes must possess two traits: (1) its 
residual energy must be greater than a threshold; (2) its position must be close to the center of cluster as 
far as possible. The generation strategy of a cluster head can be expressed as  
                                                         min ( )
node i cluster
d i
⊂
, _. . ( )res th chs t E i E>                                                     (1) 
where ( )resE i is its residual energy, ( )d i  is the distance from candidate node i  to the center of cluster. 
_th chE  is a threshold, which can be set to be the average residual energy of all alive nodes in the cluster. 
2.3. Cooperative node selection for MIMO transmission 
For tM -sensor cooperative transmission, tM -1 cooperative nodes are chosen in each cluster. Since the 
cluster head possesses the information about the energy state and location of every node in the cluster 
while clustering, it is in charge of the selection of cooperative nodes according to the following strategy: 
                             
2 min max
_
( )max . . ( )
( )
( )
res
node i cluster
res th sch
E i s t d D i dD i
E i E
⊂
≤ ≤
>
                                                    (2)  
where mind  and maxd  are determined by the carrier wavelength and the synchronization requirement 
respectively [5]. ( )D i  is the distance from the cluster head to member node i  in the cluster. _th schE  is a 
threshold, which can be set to be the average residual energy of all alive nodes in the cluster. 
2.4. Data transmission 
After the above phases, the cluster head broadcasts message to inform the selected cooperative nodes 
about their roles in cooperative transmission. Then, it creates and broadcasts the TDMA schedule, which 
includes time slots for data transmission from member nodes to the cluster head, from the cluster head to 
the cooperative nodes, and from the cluster head and cooperative nodes to the BS. Then member nodes 
transmit data packets to the cluster head in their own preassigned TDMA slot alternatively and fall asleep 
during the rest time. After fusing the received data packets, the cluster head broadcasts the fused data to 
its cooperative nodes. At last, all sensors cooperatively send the data to the BS. 
2.5. The flowchart of organizing scheme 
In summary, the organizing scheme can be described by a flowchart shown in Fig. 3. 
Fig. 1. The sketch map of network deployment model. 
Member node
Cluster head
Base station
Cooperative node
R
4333Qiuling Tang et al. / Procedia Engineering 29 (2012) 4330 – 4335
4 Qiuling Tang et al. / Procedia Engineering 00 (2011) 000–000 
Fig. 2. The flowchart for specifying the centers of hexagons.              Fig. 3. The flowchart for the organizing scheme.. 
3. Energy Consumption Model 
For SISO transmission, we adopt the energy consumption model used in [3]. For cooperative MIMO 
transmission, suppose the distance between the transmitter and the receiver is d  and the energy 
dissipation for transmitting and receiving l -bit are denoted as _ ( , )MIMO TxE l d and _ ( )MIMO RxE l ,
respectively.  They are 
                                                           
t
4
MIMO_Tx t Tx-elec ME (l,d)= M lE + ε ld                                                     (3) 
                                                                 _ ( )MIMO Rx t Rx elecE l M lE −=                                                             (4) 
where Tx elecE −  and Rx elecE −  are the transmitter and receiver circuit energy consumption per bit, 
respectively. tM  is the number of cooperative nodes. tMε is a coefficient and depends on the number of 
transmitter antennas, the prescribed bit error rate, and the effect of amplifier, antenna, carrier frequency. 
The energy of network is mainly consumed in: (1) data transmission from member nodes to the cluster 
head, from the cluster head to the cooperative nodes, and from the cluster head and cooperative nodes to 
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the BS; (2) circuit operations corresponding to the above data transmission; (3) data fusing in the cluster 
head.
4. Simulation and Analysis 
For analyzing the energy efficiency and energy balance of our scheme, EB-LEACH, LEACH-MIMO 
and LEACH schemes are taken as references. LEACH-MIMO is only a simple combination of the 
LEACH and cooperative MIMO technique. In our experiment, 100 nodes with initial energy of 0.5 J are 
randomly distributed between (x=0, y=0) and (x=100, y=100) and with the BS at location (x=50, y=175). 
Each data packet is 4000 bits long and the packet head is 200 bits long. Carrier frequency is 2.5 GHz and 
energy consumption for data fusing is 5 nJ per bit. Tx elecE − = Rx elecE − =50 nJ/bit, fsε =10 pJ/bit/ m2,
ampε =0.0013 pJ/bit/ m4, maxd =10 m, tM =2. For different tM , the value of tMε  corresponds to those in [5]. 
By simulating, we obtain 5optK = in our system. 
The total number of data packets (TNM) received at BS can be used to evaluate the network lifetime 
and analyze the energy efficiency. For the four schemes, TNM received at BS over the number of rounds 
is shown in Fig. 4, and is listed in table 1. Table 1 shows that the TNM of EB-LEACH-MIMO attains to 
7713 packets, and TNM of EB-LEACH is 7150 packets. They are much greater than LEACH-MIMO and 
LEACH. In other words, the network lifetime of EB-LEACH-MIMO scheme is longest and its advantage 
is 8%, 76% and 87% over EB-LEACH, LEACH-MIMO and LEACH, respectively. Obviously, this 
significant improvement originates from the methods of hexagonal network partition and the cluster head 
generation with the location and the residual energy of node in consideration. In a hexagon, the distance 
from a member node to the cluster head is less than 2R , and the method of the cluster head selection 
further decrease the distance. These techniques sharply decrease the energy dissipation for data 
transmission in a cluster. Meanwhile, the introduction of cooperative MIMO technique brings EB-
LEACH-MIMO about 8% energy saving (lifetime prolonging) by comparing EB-LEACH scheme.  
The round before the first node dies (FND), half nodes die (HND) and last node dies (LND) are 
simulated for the four schemes, and the results are listed in table 2. The overall profiles about the number 
of nodes still alive over the number of operation rounds are also simulated and illustrated in Fig. 5. 
Intuitively, the curves in Fig. 5 show the best energy balance of EB-LEACH-MIMO. EB-LEACH is the 
next. In Fig. 5, the curves for EB-LEACH-MIMO and EB-LEACH are both linear with a certain slope, 
which means that all clusters can keep working to the end in the two schemes. The improvement is 
mainly resulted from hexagonal network partition. By combining with Fig. 4 and Fig. 5, we can conclude 
that EB-LEACH-MIMO has better energy balance among nodes in a cluster than EB-LEACH. The 
contribution is undoubtedly from the cooperative MIMO.   
Table 1. TNM received at BS for four schemes. 
  TNM 
LEACH 4130 
LEACH-MIMO  4394 
EB-LEACH 7150 
EB-LEACH-MIMO 7713 
Table 2. FND, HND, LND for four schemes. 
 FND HND  LND  
LEACH 630 771 1013 
LEACH-MIMO  681 845 993 
EB-LEACH 979 1361 1420 
EB-LEACH-MIMO 1402 1509 1534 
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5. Conclusions 
In this paper, the scheme proposed introduces hexagonal network partition and considers the location 
and the residual energy of node in the cluster head generation and the cooperative node selection. These 
considerations greatly enhance energy efficiency of network, and well-balance the energy consumption 
among nodes of the network, and prolong the lifetime of the network.  
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Fig. 5. The profile for network lifetime of each scheme. 
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